We have developed a Multi-Pixel Photon Counter (MPPC) for the neutrino detectors of T2K experiment. About 64,000 MPPCs have been produced and tested in about a year. In order to characterize a large number of MPPCs, we have developed a system that simultaneously measures 64 MPPCs with various bias voltage and temperature. The performance of MPPCs are found to satisfy the requirement of T2K experiment. In this paper, we present the performance of 17,686 MPPCs measured at Kyoto University.
Introduction
T2K (Tokai-to-Kamioka) [1] is a long baseline neutrino oscillation experiment. In T2K, an intense muon neutrino beam is produced with a proton synchrotron in J-PARC facility and sent to the massive Super-Kamiokande detector 295 km away. The main goals of T2K are a sensitive search for the ν e appearance from ν µ , which is related to the yet-unmeasured neutrino mixing angle θ 13 , and precise measurements of neutrino oscillation parameters ∆m 2 23 and θ 23 . In order to achieve the aimed precision, good understanding of the neutrino beam properties and neutrino-nucleus interaction are indispensable. The near detector (ND280) complex is placed at about 280 m from the proton target to provide this information.
The T2K-ND280 [2] consists of several sub-detectors with specific and complimentary functions. As the basic elements for the particle detection, most of detectors use the plastic scintillator read out via wavelength shifting (WLS) fibers. This is a widely used technique, especially in recent accelerator neutrino experiments [3] . In those experiments, multi-anode PMTs (MAPMTs) have been used as the photosensor. For T2K, MAPMT is not suitable because some of the detectors have to operate under a magnetic field of 0.2 T provided by a dipole magnet originally built for UA1 experiment at CERN, and also because the available space is very limited.
We selected the Multi-Pixel Photon Counter (MPPC 1 ) as the photosensor for ND280 and started the development in cooperation with Hamamatsu Photonics and KEK Detector Technology Project [4] . For ND280, 64,000 MPPCs are used in total. After three years of study, we developed an MPPC that satisfied our requirements and started the mass production in February 2008. Because it was the first time that the MPPCs are used on such a large scale, it was necessary to develop a method to characterize each device for quality assurance purpose. In order to characterize a large number of MPPCs, we have developed a system that simultaneously measures 64 MPPCs at Kyoto University. Using this test system, we have measured 17,686 MPPCs used for two sub-detectors of ND280, called INGRID [5] and FGD [6] .
In this paper, the design of the test system, testing procedure and summary of measured performances of T2K-MPPC are presented.
Multi-Pixel Photon Counter for T2K Near Detectors

Multi-Pixel Photon Counter (MPPC)
The Multi-Pixel Photon Counter (MPPC) is a new photodetector manufactured by Hamamatsu Photonics, Japan [7] . An MPPC consists of many (100 to >1000) small avalanche photodiodes (APDs), each with an area of either 25×25, 50×50 or 100×100 µm 2 , in an area of 1-9 mm 2 . Each APD micropixel independently works in limited Geiger mode with an applied voltage a few volts above the breakdown voltage (V bd ). When a photoelectron is produced, it induces a Geiger avalanche. The avalanche is passively quenched by a resistor untegrated to each pixel. The output charge Q from a single pixel is independent of the number of produced photoelectrons within the pixel, and can be written as
where V is the applied voltage and C is the capacitance of the pixel. The overvoltage, ∆V ≡ V − V bd is the parameter that controls the performance of MPPC as we will see later. It is known that V bd is dependent on the temperature with a coefficient of ∼ 50 mV/K [8] . Combining the output from all the pixels, the total charge from an MPPC is quantized to multiples of Q and proportional to the number of pixels that underwent Geiger discharge ("fired "). The number of fired pixels is proportional to the number of injected photons if the number of photons is small compared to the total number of pixels. Thus, the MPPC has an excellent photon counting capability as long as the number of photo-electron does not approach the total number of pixels in the device. For an MPPC, the operating voltage V is a few volts above the breakdown voltage and well below 100 V. The pixel capacitance C is on the order of 10-100 fF, giving a gain of 10 5 -10 6 . These features enable us to read out the signal from the MPPC with simple electronics. In addition, because the thickness of the amplification region is a few µm, an MPPC is insensitive to the magnetic field and has a fast response.
The photon detection efficiency (PDE) of an MPPC is expressed as a product of three effects:
The geometrical efficiency ε geom represents the fraction of active area in a micropixel. Based on a measurement [9] , ε geom is about 0.6 for an MPPC with 50×50 µm pixel size. The quantum efficiency of the APD, QE, depends on the wavelength of photon and is typically 0.7-0.8 for the wavelength of 400-500 nm, the range of current interest. The probability of inducing a Geiger discharge when a photoelectron is generated, ε Geiger , depends on ∆V . The last factor introduces the ∆V dependence of PDE. The dark noise of MPPC at the room temperature is dominated by the Geiger discharge induced by thermally generated electron-hole pairs. Because it is amplified with the identical process, a dark noise pulse cannot be distinguished from the signal induced by the external photon irradiation, although the dark noise is mainly at the single photoelectron level in absence of the cross-talk effect described below. The dark noise rate of MPPC is proportional to the area. For 50 µm pixel type MPPC, the dark noise rate per active area is about 300-500 kHz/mm 2 at 25C with a gain of 7.5×10 5 . There are two known processes which give an additional charge to the original signal; the cross-talk between neighboring micropixels and afterpulse. The origin of the cross-talk is presumed to be optical photons emitted during avalanche [10] which enter neighboring micropixels and trigger another Geiger discharge. It gives an additional charge output at the same time as the original Geiger discharge. The afterpulse of MPPC is considered to be due to delayed release of carriers trapped at lattice defects, giving a time-correlated but delayed charge output to the original signal [11] .
In order to evaluate the MPPC performance, it is important to measure key parameters such as V bd , PDE, dark noise rate, cross-talk and afterpulse probabilities together with their dependence on the temperature and applied voltage.
MPPC for the T2K-ND280
A picture of the MPPC for the T2K-ND280 (S10362-13-050C) is shown in Fig. 1 and the major specifications is summarized in Table 1 . We use the 1.0 mm diameter Kuraray Y11(200)MS WLS fiber for the ND280 detector. The sensitive area of the MPPC is enlarged from 1×1 mm 2 of those on catalogue • C ] (>1.2 pe) <0.135 Mcps (S10362-11-050C) to 1.3×1.3 mm 2 , so that we can minimize the light loss at the optical contact with a simple coupler. The size of APD pixel is 50×50 µm 2 and the number of APD pixels 2 is 667. The large PDE of MPPC results in a light yield sufficiently large to safely reject the dark noise, which is mainly at a single photoelectron level. In addition, thanks to the pulsed neutrino beam timing, the random dark noise has only little effect for the neutrino event reconstruction.
The production of MPPCs was started in February 2008, and finished in February 2009. In total about 64,500 MPPCs including spares were produced and delivered in about a year. Among them, 17,686 MPPCs were tested at Kyoto University,while remainder was tested at other collaborating institutes. One of such measurements is described in [12] . In the following sections, we describe the test system and measurement results at Kyoto university. 
Measurement setup
Overview of measurement
In order to characterize a large number of MPPCs, we have developed a test system that simultaneously measures 64 MPPCs. Figure 2 shows the schematics of the test system. We recorded the charge from the MPPCs with and without external light, for a range of the operation voltage with 0.1 V step, and with three temperature settings at 15, 20, and 25C. From those data, we are able to extract the gain, dark noise rate, PDE, and cross-talk and after-pulsing probability of each MPPC as functions of the operation voltage and temperature. Based on the measurement result, we have checked if the MPPC satisfies our requirements. In addition, those data will be used as the reference after MPPCs are installed into the detector, although the final calibration will be done in-situ using data taken during the experiment. Figure 2 shows a schematic diagram of the MPPC test system. It consists of a light source (LED), readout electronics, a thermostatic chamber and a control system.
MPPC test system
The light from a blue LED (Nichia NSPB500S) is diffused with a set of plastic plates and distributed to WLS fibers via an optical fanout. The other end of the WLS fiber is connected to an MPPC using the optical connector developed for T2K detectors [13] . Kuraray Y11(200)MS WLS fiber with 1 mm diameter, the same type as we use in the real T2K detectors, is used in this test system. The light intensity at the end of each fiber is measured with a PMT before the mass measurement.
The signal from the MPPC is read out by the TriP-t ASIC developed at Fermilab [14] , which is also used for the T2K near detectors. We use the TriP-t chip to integrate the charge within the gate timing and to serialize output from MPPCs. The TriP-t has 32 input channels and we can measure 64 MPPCs at one time using two TriP-t chips. The charge of each MPPC is recorded with VME-based electronics developed by our group [15] . The digital signal to control TriP-t and LED pulsing is generated using National Instruments PXI-6551. The bias voltage for MPPCs and VME readout are controlled by a Linux PC.
The light source and MPPCs are kept inside a lightproof thermostatic chamber. The temperature inside the box is automatically controlled and changed to 25, 20 and 15C, in this order, every 30 minutes after starting the test sequence. Thus, data at three temperatures are automatically taken in 1.5 hours. A thermometer (T&D TR-71U) is installed inside the chamber to monitor the temperature during the measurement. Figure 3 shows the temperature variation in the chamber during the measurement. The temperature becomes stable at each measurement point after about 10 minutes. The measurement is performed in the following 20 minutes. There is a short-period temperature oscillation with ≃ 0.4C amplitude and 4 minutes cycle caused as the result of the temperature control by the chamber. It corresponds to a variation of ±20 mV in V bd and consequently in ∆V . Which gives 2% uncertainty when ∆V = 1 V.
During the measurement, the overvoltage ∆V was scanned from 0.7 V to 1.8 V in steps of 0.1 V. At each voltage, 8,000 events were taken with the light injection and with a 200 ns ADC gate, and other 8,000 events were taken without external light and with an 800 ns ADC gate (for the noise rate measurement). This procedure was repeated at 15, 20 and 25C.
Data analysis and performance of T2K-MPPC
The methods to derive the MPPC parameters from the ADC distribution are given in the following sections, together with measurement results. The measured parameters for 17686 MPPCs at 15, 20, 25C and ∆V = 1.0 are summarized in Table 2 .
Failure rate
We found that nine MPPCs, out of 17,695, did not return signal with the bias voltage in the scanned range. A few MPPCs were further tested and found to show no current flow even with a forward bias, indicating some part of circuit inside MPPC is broken. They were working without problems before shipment according to the test sheet from Hamamatsu Photonics. The reason of failure is under investigation but not yet known. All the remaining MPPCs are confirmed to satisfy our requirements. Thus, only 0.05% of delivered device was rejected.
Gain and Breakdown voltage
The gain of MPPC can be easily measured because the pedestal and one photoelectron (p.e.) peak are well separated (Fig. 4) . Measuring the charge corresponding to one p.e. and dividing it by the electron charge, we can obtain the gain. The gain changes linearly on ∆V , as shown in Eq. 1. We can derive V bd by linearly extrapolating the gain-voltage relation to the point where gain becomes zero (Fig. 5) . the measurement system. As already mentioned earlier, V bd depends on the temperature. The temperature coefficient of V bd is measured to be 48 mV/C in our system.
Dark noise rate
From the data without light source, dark noise rate is measured by counting the number of dark events and dividing it by the measurement time. We assume that the number of true dark events, in absence of the effect from cross-talk and after pulsing, follows Poisson statistics. In that case, the average number of true dark events n dark can be estimated from the fraction of pedestal events (n obs 0pe ) among total events (N ), P (0) ≡ n obs 0pe /N , as
Dividing n dark by the gate width, the dark noise rate is calculated. Figure 9 shows the dark noise rate as a function of ∆V at 15, 20, 25C for one MPPC. Unlike other parameters, even at the same ∆V , the dark rate decreases as the temperature becomes lower due to the strong temperature dependence of the number of thermally generated carriers that are the origin of dark noise. Figure 10 shows the distribution of measured dark noise rate at ∆V = 1.0 V and 20C for 17686 MPPCs. The average dark rate is measured to be about 0.45 MHz at ∆V = 1.0 V and 20C. The RMS of the distribution is around 25 %, while the measurement systematics, coming from the temperature variation during the measurement and uncertainty of estimating n obs 0pe , is estimated to be around 5%. Thus, the dark noise rate has large device by device variation.
After pulsing and cross-talk probability
MPPCs are known to exhibit correlated noise due to cross-talk and afterpulsing as described earlier. A dark noise, or photo-electron triggered avalanche may indeed yield additional avalanches due to both phenomena hence increasing the total detected charge. Although the after pulsing has a different timing structure from cross-talk, only the sum of two effects is estimated with measuring the charge integrated in a gate time window, which is sufficient for the purpose of quality assurance for the application to T2K ND280. We can estimate the true number of one p.e. events n true 1pe , without the effect from after pulsing and cross-talk, from the fraction of pedestal events and Poisson statistics as is done in the dark noise rate measurement. In reality, the number of one p.e. events is less than n true 1pe due to the effect of after pulsing and cross-talk. Comparing n true 1pe with the observed number of events at one p.e. peak n obs 1pe , we estimate the probability of after pulsing and cross-talk p apct as Figure 11 shows the after pulsing and cross-talk probability as a function of the over voltage ∆V at 15, 20, 25C for one MPPC. The after pulsing and optical cross-talk probability is independent of the temperature if ∆V is kept the same. Figure 12 shows the distribution of measured after pulsing and cross-talk probability at ∆V = 1.0 V and 20C for 17686 MPPCs. The after pulsing and cross-talk probability of MPPC is measured to be about 0.07 on the average at ∆V = 1.0 V and 20C. The systematic variation in the measurement, mainly coming from the uncertainty in estimating n obs 1pe , is estimated to be about 0.04, while the RMS of the distribution in Fig. 12 is 0.036. Thus, the variation of after-pulse and cross-talk probability seen in Fig. 12 is dominated by the measurement systematics and the device uniformity itself is considered to be much better.
Photon detection efficiency (PDE)
Because measuring the absolute value of the photon detection efficiency (PDE) is difficult in the mass measurement, it is relatively measured using a PMT (Hamamatsu R6427) as a reference. Referring to the Hamamatsu datasheet, the quantum efficiency of the reference PMT is 10-15 % for the wavelength of 470-530 nm, which is the range of the emission light from the Y11 WLS fiber. In order to avoid the effect of after pulsing and cross-talk, the number of photoelectrons detected with each MPPC is derived from the fraction of pedestal events in the same way as explained above, in the presence of weak light source. The effect of non-uniform light distribution among 64 WLS fibers are corrected by the measurement of light intensity with the PMT. The stability of the LED light intensity is monitored with a reference MPPC. The PDE is defined as the number of photoelectrons detected by MPPC divided by that of the PMT using the same 1 mm diameter WLS fiber. Figure 13 shows the measured PDE as a function of ∆V at 15, 20, 25C for one MPPC. The PDE is independent of temperature if ∆V is kept the same. Figure 14 shows the distribution of PDE at ∆V = 1.0 V and 20C for 17686 MPPCs. The PDE of MPPC is measured to be about 1.5 times PMT for the green light from WLF fiber Y11(200) at ∆V = 1.0 V and 20C. The systematic uncertainty in the measurement is estimated to be about 20%, dominated by the non-uniformity and reproducibility of the light distribution to each MPPC. The RMS of the distribution is 22%. Thus, the variation is dominated by the systematic uncertainty of the measurement. The tail seen in the higher part of the distribution is also considered to be due to the systematics of the measurement. Table 2 summarizes the mean value and RMS (in parentheses) of measured MPPC performance for 17,686 MPPCs at 15, 20, 25C and ∆V = 1.0. All the MPPCs satisfy the requirement to be used in the T2K near neutrino detectors. At a fixed ∆V , slight dependence on temperature is seen in the gain, PDE and afterpulsing/cross-talk probability. However, more accurate, independent measurement of several MPPCs reveals no such dependence. Therefore, although we have not fully understood the reason, it is presumably due to the feature of our measurement system and not the performance of the MPPC. Table 2 : Mean value and RMS of gain, dark noise rate, after pulsing and cross-talk probability and photo detection efficiency for 17686 MPPCs at 15, 20, 25C and ∆V = 1.0 V .
Performance summary
Summary
For the T2K near neutrino detectors, we have developed the Multi-Pixel Photon Counter (MPPC) with 1.3×1.3 mm 2 active area and with 667 50 µm pitch pixels (S10362-13-050C). In total, about 64,500 MPPCs were produced for T2K from February 2008 to February 2009. At Kyoto University, we have successfully developed the system and technique to characterize a large number of MPPCs, and tested 17,686 MPPCs. The performance of MPPCs has been confirmed to satisfy our requirements. The failure rate is found to be about 0.5%.
